Considering a spin-1/2 chain, we suppose that the entanglement passes from a given pair of particles to another one, thus establishing the relay transfer of entanglement along the chain.
I. INTRODUCTION
The quantum correlations are responsible for a principal advantages of quantum devises over their classical counterparts. The problems of correlations between remote systems [1, 2] , formation [3] [4] [5] [6] [7] [8] and transfer of quantum correlations [9] [10] [11] [12] [13] are getting an increasing meaning because of progress in quantum information processing which includes quantum state creation and information transfer [14] [15] [16] [17] [18] . Obviously, the relation between the information transfer and quantum correlations exist; however it can not be simply released. Thus, the sender-receiver correlations (entanglement) were studied in set of papers [19] [20] [21] [22] [23] [24] . Nevertheless, many issues require clarification. For instance, it was shown that the sender-receiver entanglement (SR-entanglement) is vanishing in the case of perfect state transfer [22] and it also can be vanishing in the case of remote state creation [25] . It was shown in [25] that the possibility to transfer the information (i.e., the parameters of the sender's initial state) from the sender to the receiver is directly related to a certain determinant condition (associated with the informational correlation in Ref. [26] ). But still this determinant condition is not straightforwardly related to the traditional measures such as entanglement [27, 28] and discord [29] [30] [31] .
It follows from the above that quantum information transfer can be established without the SR-entanglement, and therefore, this entanglement can not be responsible for such a process [22, 25] . We emphasize that this fact makes principal difference between the information transfer and teleportation [32] [33] [34] where the entanglement between the sender and receiver is necessary.
Our paper is aimed at studying quantum correlations which can govern the state (information) transfer from the sender to the receiver. We assume that, similar to the simple explanation of the state transfer as an excitation transfer from one node to another, the mechanism of entanglement transfer is basically the same. Namely, if at some instant there are two large pairwise entanglements, then we can say that the entanglement passes between these pairs. Therewith these pairs can be the pairs of remote spins (not of the close neighbors only). Thus, the entanglement is transferred along the chain during some evolution period T if there are significant time-overlaps between the pairwise entanglements such that at each instant t, 0 < t ≤ T , there are at least two large pairwise entanglements.
If this is the case, then the sum of all pairwise entanglements is non-vanishing over the whole evolution period T , although each individual pairwise entanglement is large only over the relatively small sub-interval of the period T . We propose that this propagating entanglement supplements the process of information propagation. In other words, there is an assembly of pairwise entanglements (rather then the single SR-entanglement) that governs the information transfer along the spin chain. This assembly is characterized by the above sum which we refer to as the relay entanglement. First this concept was introduced in [35] .
Thus, the relay entanglement is a pairwise mechanism of entanglement propagation along the spin chain and establishes the indirect SR-entanglement. We emphasize that the indirect SR-entanglement found here does not assume arising the SR-entanglement at any instant of the evolution period T . In particular, the SR-entanglement can be absent during the whole evolution period T as was observed in [25] , such behavior does not contradict our protocol.
Another feature of the relay entanglement is that it arises during the evolution even if there is no initial entanglement, unlike the transfer of entangled states from the multi-qubit sender to the multi-qubit receiver [9] [10] [11] where entanglement is present initially.
Of course, the contribution to the relay entanglement from the remote pairs and from the close ones is different. For detailed study of these contributions, we introduce the so-called partial sums collecting the entanglements between the spins separated by up to a certain number of nodes. We study the dependence of the partial sums from the distance between the correlated spins and show that the result significantly depends on the parameters of the sender's and receiver's initial states. In particular, the contribution from the remote spins can be more important in certain cases.
In addition, in the course of evolution, the pairwise entanglements can form clusters, i.e., families of entanglements with large time-overlaps between each two of them. Accordingly, the set of neighboring spins, such that all possible pairwise entanglements in this set are significant at some instant, form the cluster of correlated spins at this instant [35] [36] [37] . Each individual cluster exists during some time interval, then it diffuses and another cluster appears. We study the cluster formation in dependence on the initial parameters of the sender and receiver states and estimate the life-time of a cluster. As a characteristic of the entanglement in a cluster, we introduce a geometric mean of all the pairwise entanglements inside of this cluster. Formation of entangled clusters in an evolutionary chain represents a particular way of creating the quantum subsystems with all entangled nodes. Such clusters can be candidates for quantum registers of small size.
The structure of the paper is following. The model of communication line we deal with is described in Sec.II. The relay entanglement in a symmetrical model as a characteristics of entanglement propagation is studied in Sec.III. The clusters of entangled particles arising during evolution are described in Sec.IV. The obtained results are discussed in Sec.V.
II. MODEL
We consider a communication line based on a homogeneous spin chain which includes the one-qubit sender (S), transmission line (TL) and one-qubit receiver (R) and evolves under the nearest-neighbor XX-Hamiltonian [38] 
The initial density matrix is a tensor product state:
where the transmission line T L is in the ground state initially
and the initial states of the sender S and receiver R are represented as follows [13] :
Here the eigenvalue and eigenvector matrices read, respectively,
and
The parameters λ S , λ R are referred to as the eigenvalue control parameters, while the parameters α i , β i (i = 1, 2) are called the eigenvector control parameters. The term "control" means the responsibility of these parameters for the value of entanglement. The variation intervals for these parameters are following:
Studying the evolution of pairwise correlations, we need the density matrix of the subsystem of the ith and jth spins, which reads
where the trace is taken over all the spins except the ith and jth ones. In particular, if i = 1
and j = N, we have the density matrix for the SR-state.
The dynamics of communucation line with the one-qubit sender and receiver and ground initial state of TL reduces to the two-excitation subspace of the whole 2 N -dimensional Hilbert space related to the N-node spin-1/2 system. This significantly simplifies calculations.
Nevertheless, to provide a detailed analysis given below we restrict ourselves to the spin chain of N = 10 nodes.
We consider the evolution of quantum correlations during the time interval from zero to some optimized instant. Following Ref. [25] , we chose such the instant that the sum of all but one diagonal elements of the SR-density matrix ρ
(we use the basis |00 , |01 , |10 , |11 ) averaged over the parameters of the initial state takes the maximal value. The instant found in this way corresponds to the case when the maximal initial signal is collected at the sender and receiver, i.e., the instant suitable for the state registration at the subsystem SR. The choice of this instant is predicted by our purpose of studying those correlations which can be responsible for the information transfer between the sender and receiver.
We consider entanglement as a measure of quantum correlations. The Wootters criterion [27, 28] allows us to calculate the quantum entanglement between the nodes n and m.
Traditionally the entanglement E can be represented as a monotonic function of so-called
, where
Here λ i are the eigenvalues of the following matrix
Hereafter we consider the concurrence as a measure of entanglement.
III. RELAY ENTANGLEMENT IN SYMMETRICAL MODEL A. Preliminary remarks and symmetrical initial state
In general, the model introduced in Sec.II possesses 6 parameters of the initial state (4-7).
However, according to the results of Ref. [25] , the effect of α 2 and β 2 on entanglement is negligible. In addition, we consider the symmetrical model for simplicity. Thus we set
In this setting, averaging the sum s in (10) over the parameters of the sender's and receiver's initial state reduces to
In the case N = 10, the numerical analysis shows that s reaches its maximal value at t = 12.238 (we use dimensionless time setting D = 1).
As mentioned in Introduction, the information transfer between the sender S and receiver R is not related to the SR-entanglement [25] . There is a large region in the plane of initial eigenvalues (λ R , λ S ) such that the information transfer occurs without the entanglement between R and S (for any values of other initial-state parameters) during the whole evolution period from zero to the certain prescribed optimal instant for state registration. For N = 10, this region of vanishing SR-entanglement, bounded by the curve B, is shown in Fig.1 .
The bisectrix λ R = λ S in Fig.1 crosses the boundary curve B at the point λ = 0.7493 with α = 0.4361. These values have been found in a straightforward way, see Ref. [25] . Namely, increasing λ along the bisectrix we find the critical value (λ = 0.7493 ) such that there is no entanglement at λ below this value (independently on the value of α) and, at the critical value λ = 0.7493, the SR-entanglement is nonzero only at α = 0.4361. Thus, the point (λ, α) =(0.7493,0.4361) on the bisectrix in Fig.1 is the point of entanglement arising.
B. Partial sums and relay entanglement
Our basic assumption is that the pairwise correlations are responsible for the state propagation in a quantum system so that the rest of this section is devoted to studying such combinations of pairwise entanglements which remain valuable during the whole evolution period. In this case, we can propose that the entanglement passes from a given entangled pair to another one establishing the relay propagation of entanglement along the spin chain.
Let C i,j be the pairwise concurrence between the ith and jth particles. We distribute all C i,j in the groups of concurrences between the equidistant nodes (|i − j| = m = const), and consider the mean concurrences C m in such groups: 0.7 and α = 0 in Fig.2 . We see that, in general, C 1 > C 2 , but there is a time interval where the contribution from C 2 prevails over the contribution from C 1 . Thus, the entanglement between the nearest neighbors does not always dominate. This prompts us to introduce the sum of all pairwise entanglements in the chain
as a measure of overall overlaps of pairwise concurrences. We refer to S as the relay entanglement. However, the relay entanglement does not explore the contribution from different mean concurrences C i . To reveal this effect, we introduce the partial sums S m
The relay entanglement S and the partial sums S m are functions of t, λ and α. There is an evident chain of inequalities:
To characterize the partial sums (which are functions of three variables), we consider the maximal values of these sums over the time interval 0 ≤ t ≤ 12.238 and their minimal values over the time interval 1 ≤ t ≤ 12.238:
In the later case the shift by 1 in the time interval is conventional, we use it to remove the initial evolution interval because all pairwise entanglements are zero at t = 0 due to our choice of the initial state. The contribution from the mth group is negligible if |S To depicture the behavior of two-parametric functions S max m and S min m , we introduce the mean value and the root-mean-square deviation with respect to the parameters α and λ.
Thus, for any function S of the two parameters λ and α, the mean value and root-meansquare deviation with respect to α read:
Similarly, the mean value and root-mean-square deviation with respect to λ read:
Now we can estimate:
Therefore we can represent S graphically as the mean values S α (or S λ ) supplemented by the root-mean-square deviations δ α S (or δ λ S) as the error-bars.
C. Analysis of partial sums
Accordingly, the functions S With an increase in m, these maxima become more λ-dependent especially for λ 0, 8. (the crosspoint of the bisectrix and the boundary B in Fig.1 ).
IV. CLUSTERS OF ENTANGLED PARTICLES
As a problem directly related to the relay entanglement, we consider the formation of clusters of entangled particles, i.e., such clusters that all the pairwise entanglements inside of each of them are significant.
Before proceed to study the entanglement in clusters we notice that the symmetry of considered spin chain (the even-number chain, N = 10) causes the week concurrence in the middle pair, C 56 . For comparison, we show C 12 and C 56 over the plane (λ, α) in Fig.5 .
Unlike C 12 , the concurrence C 56 vanishes over the large part of its domain. This affects the characteristics of those clusters which include the 5th and 6th nodes. A. Geometric average of pairwise entanglements as measure of quantum correla-
tions in cluster
To characterize the quantum correlations in a cluster of M particles numbered i, i + 1, . . . , i + M − 1 we introduce the geometric mean of all pairwise concurrences in this cluster:
where M is the number of spins in the cluster (the size of the cluster), and i is the position of the first node of the cluster. Thus, the cluster involves spins from ith to (i + M − 1)th. The geometric mean P M,i gets large value at some instant if all the concurrences C i,j , i < j ≤ i + M, are large at this instant. This function is localized in time. Generally, its nonzero t-support gets narrower with an increase in M and i; however, this rule is not strict as is shown below in Fig.9 . To estimate and compare the geometric mean P M,i in different clusters, we consider the maximum of P M,i over the selected time interval:
Similar to Sec.III, we characterize the function of two variables P max M,i using the mean value and root-mean-square deviation with respect to the parameters α and λ defined in formulas (21-24).
The functions P is involved into the definition (27) . In addition the root-mean-square deviations (Fig.6d,e,f) show that the effect of α increases with an increase in λ (over the interval
The mean values and root-mean-square deviations of the geometric mean P max M,i with respect to λ defer from those with respect to α, see Fig.7 . In particular, not all the mean values are monotonic functions of α. Those of them which include C 56 in their definition have the maximum. Moreover, all the root-mean-square deviations are also non-monotonic functions. They have either maximum (those that include C 56 in their definitions) or minimum (all others). Therefore, the effect of the eigenvalue parameter λ depends mainly on the position of the cluster in the chain.
In addition, all the geometric means P M,i involving C 56 in their definition (27) 
C. Cluster's life-time
Clearly, the clusters exist during some time intervals, which we call the cluster's life-time.
We say that the cluster is destroyed if P max M,i < ε C , where ε C is some conventional value which 
where t r and t l are such that ε C < P M,i ≤ P max M,i over the interval t r ≤ t ≤ t l . This period depends on both λ and α. To illustrate this dependence, we depicture the mean values ( T M,i α (λ) and T M,i λ (α)) and root-mean-square deviations (δ α T M,i (λ) and δ λ T M,i (α)) in Fig.9 . These figures show that the clusters, whose geometric means P M,i involve C 56 in their definition (27) , have restricted domain in the plane (λ, α). Fig.9a demonstrates that T M,i α slightly depends on λ for those clusters which do not involve C 56 in the definition of P M,i .
The dependence of T M,i λ on α is significant for α 0.65 which can be seen in Fig.9b . For α 0.65, T M,i λ is almost constant. Fig.9c shows that the spread of T M,i at the fixed λ and different α becomes more significant with an increase in λ. Similarly, Fig.9d shows that the spread of T M,i at a fixed α and different λ is (generally) significant for α 0.65, except 
V. CONCLUSIONS
Although the correlations between the sender and receiver may vanish during the whole evolution period, other pairwise correlations arise during the evolution and supplement the information propagation. While the entanglement between any two particles in an evolutionary spin chain is located in time, the sum S of all pairwise entanglements can be significant over the whole evolution period. One can say that the entanglement propagates from a given pair of entangled particles to another one; therefore we refer to this sum as the relay entanglement. Thus, the relay entanglement (the assembly of pairwise quantum entanglements) supplements information propagation. It is natural to assume that the correlations between the nearest neighbors are most important. However, this is not always true because the entanglements between the remote nodes prevail in certain cases which is justified by the partial sums S m , whose S During the evolution, the clusters of entangled particles arise (i.e., the clusters where all pairwise entanglements are significant), where geometric mean P M,i (27) serves as the characteristics of entanglement. We study its dependence on the initial-state parameters λ and α using the mean value and root-mean-square deviation with respect to the parameters α and λ and graphically show that the geometric mean P M,i can be almost constant over some intervals of these parameters, while it can significantly vary over other intervals. 
